In Ilizarov circular (ring) external fixators, fine Kirschner wires are used to fix the bone to the fixator. Clamping of the wires to the rings with different bolt torques has been studied. However, the relation between the bolt torque and the fixation load applied to the wire was not investigated. In this work, finite element method is used to address this problem. Here, a fully three-dimensional model of the wire fixation assembly was built, with geometric details like threads on the bolt to produce a realistic simulation of the clamping of the wire. Both cannulated and slotted bolt types were studied and values of 0.2, 0.25, 0.3 and 0.45 were used for coefficient of friction. A torque was applied to the nut while the ring section and bolt kept in place. The results for bolt load, nut rotation as well as axial and radial wire deformations were obtained. The results demonstrated a linear relation between the bolt load and the bolt torque. The coefficient of this relationship was shown to be inversely proportional to the coefficient of friction. For all results, the bolt load (N) was approximately 124 times the bolt torque (N m) divided by the friction coefficient. The results highlighted the difference between the cannulated and the slotted bolts in terms of their grip on the wire.
Introduction
Ilizarov device is a ring external fixation system in orthopaedics. [1] [2] [3] [4] [5] It fixes the bone to the rings via thin pretensioned wires with 1.5, 1.8 or sometimes 2.0 mm diameters (called Kirschner wires or K-wires) or half pins (called Steinmann pins). The wires are fixed to the rings with fixation bolts like those shown in Figure 1 . Thus, stability of the bone depends on the performance of these fixation bolts or clamps, which are used to keep the wires tautly in place. [6] [7] [8] Figure 1 shows two types of the fixation bolt: the bolt to the left is called cannulated and the bolt to the right is referred to as slotted. Figure 1 shows that the cannulated bolt has the wire passed or cannulated through a hole in the bolt shaft under the bolt head. While for the slotted bolt, the wire has passed from under a groove or slot on one side of the bolt head. Threads in both bolts fit the M6x1 metric specification, that is, a nominal diameter of 6 mm with a pitch of 1 mm. Therefore, nuts of the same specification are used for both the bolt types.
To improve the transverse stiffness of the wires, they are tensioned before being clamped to the rings by fixation bolts. This wire pretensioning is important to the performance of the external fixators of Ilizarov type. In previous works, the tension induced in the wire was predicted analytically [6] [7] [8] and by finite element analysis (FEA). 8 The aim of this study is to investigate the tightening of the wires and whether and how the grip on the wire is related to the plastic deformation of the wire.
Clamping of the fine wires in orthopaedics has been studied before, 3, 9, 10 yet the question of knowing the magnitude of the tightening load applied to the wire during clamping still persisted. To fix the wire to the ring, a torque is applied to the fixation bolt, which can be readily measured (e.g. using a torque wrench). The actual tightening load that is acting on the wire is of course related to this tightening torque. However, their relationship is not known. The existing formulae which relate the bolt load to the tightening torque from machine design theories 11 may be used. However, such calculations involve simplifications which might not hold for the case of wire fixation, for example, due to small contacting surface areas involved.
In Watson et al., 3 the main parameter reported has been the radial wire deformation (Figures 4 and 7 in Watson et al. 3 ). The aim here is to find the relationship between these parameters, namely, bolt torque, bolt (tightening) load and the radial deformation of the wire.
In machine design theory, there is a formula relating bolt-torque to bolt-load, that is, T = KFd. In this formula, K is a dimensionless factor, referred to as torque coefficient or torque factor; T is the torque (N m); F is the bolt-load (N); and d is the diameter (m). A value of 0.2 has been presented as the most applicable value for K. 11, 12 Using this formula for the case of ring fixators, in which d = 6 mm, T will be 0.0012 F or F = 833.3 T. This means that, for example, a 10 N m torque would yield a bolt-load of over 8 kN on the wire. Using a computational method with specific geometry and material properties can provide better approximate results compared to the aforementioned simple formula. Given the background, 11, 13 finite element (FE) method was adopted to study the problem.
Methods
FE method was used to investigate the bolt torque to tightening load relation, when a wire is fixed to a ring in Ilizarov type orthopaedic external fixation devices. The wire is modelled as a cylinder with a diameter of 1.8 mm, which is the most commonly used diameter for wires produced by a variety of manufacturers. Here, Abaqus software package by Simulia 14 has been used for FE modelling and analysis.
Fixation of a small segment of a wire to a small ring section is simulated. FE models of a part of a wire being clamped to a section of a ring were made for both cannulated and slotted bolt assemblies. Figure 2 (a) and (b) shows the mesh of the FE models. The number of elements and nodes for each part in these assemblies is given in Table 1 . These numbers for elements are believed to represent a mesh which was fine enough for accuracy requirement but not too high to require an unjustifiably long computation time. The meshing on the wire was decided to be very fine so that the results could show every deformation or damage possible. For the rest of the components, which are not expected to be subjected to a similar level of deformation or damage, increasing the number of elements did not affect the results in a significant way. For example, raising the total number of elements for clamp, nut and ring section from the values in Table 1 by more than 50% only shifted the results for bolt loads by 2%.
The components of the Ilizarov frame, including those modelled in this study, are usually known to be made of steel. Nonetheless, when tested experimentally, particularly the wires have been reported to have their Young's modulus out of the expected range for steel, that is, 190-210 GPa. 9, 15 Here, material properties for the bolt were Young's modulus of E = 150 GPa, Poisson's ratio of n = 0.3 and first yield point of Yp1 = 1 GPa. For the nut, Young's modulus was also E = 150 GPa, Poisson's ratio n = 0.3 and first yield point Yp1 = 250 MPa. The yield point of the nut was taken from a mechanical test on a bolt that is used to attach half rings together in Ilizarov type devices. For the wire, material properties were extracted from tensile testing of the wire.
A piece of wire was tested in an electrohydraulic testing machine. The free (unclamped) length of wire between the jaws of the testing machine was 75 mm. An extensometer was attached to the wire with a gauge length of 50 mm. The specimen was tested in tension to rupture and the resulting load-deflection data are plotted in Figure 3 as the solid curve which is labelled as 'experiment'. Material properties were given by the testing machine. Young's modulus was E = 157 GPa, and with first yield point occurring at 1.03 GPa. The wire can undergo considerable deformations during the tightening. 10 Therefore, the solid curve in Figure 3 was used to extract full range of plastic stress-strain relation for incorporating in the FE analyses. It should be mentioned that a similar value for Young's modulus of the wire has been previously reported as 151 GPa. 15 However, changing the Young's modulus for all the parts in the FE assembly from the values given above to 185 or 200 GPa did not affect the results in terms of the bolt load by more than 2%. Before analysing the wire clamping, the tensile test on the wire was simulated to validate the FE model of the wire. Then, the FE models of the fixation assemblies as shown in Figure 2 were analysed. Boundary conditions throughout the analyses on wire fixations were as follows: (a) the ring section was fixed at both its side surfaces which are parallel to the wire axis and (b) both side surfaces of the bolt were also constrained from rotating around the bolt axis as well as the wire axis. The latter was applied in order to simulate the function of a spanner normally used to hold the bolt in place while tightening the nut. A tightening torque was then applied to the nut from 0 to 25 N m, to cover the full range of clinically applicable bolt torques. Thus, the main variable in the analyses has been the bolt torque. First, a coefficient of friction of 0.3 was used, followed by 0.2, 0.25 and 0.45 in subsequent analyses.
The first step was to simulate the tensile test on the wire. The geometric modelling was carried out with axisymmetric elements CAX4R, that is, four-node bilinear axisymmetric quadrilateral, reduced integration elements. The elements were approximately 0.1 mm 3 0.1 mm in size. The model was then subjected to tension. The same material properties were also used in a fully 3D model, with element of the type C3D8R, that is, hexahedral elements with reduced integration with sizes of 0.05 mm 3 0.05 mm, approximately.
Results

Wire in tension
The results of the FE analysis of tensile testing of the wire are plotted as dashed curves in Figure 3 , alongside the experimental results which are plotted as a solid curve. Figure 3 shows that the FEA results closely follow those of the experiment. For the FE results prior to rupture in Figure 3 , it can be seen that they have a slightly sharp change in slope, which represent the point when the first group of elements are degenerated and no longer contribute to the stiffness of the model, and the rest of the elements around them follow suit towards completing the rupture which means the detachment of the two sides of the necking site. Figure 4 shows results for plastic strain levels for cannulated bolt assembly, at different tightening torques, namely, 5, 10, 15, 20 and 25 N m. Figure 5 shows plastic strains on the wire from the slotted bolt assembly at a torque of 20 N m. Comparing Figures 5 and 4(d) shows that the plastic deformation in the wire induced by the slotted bolt is much lower than the one induced by a cannulated bolt. In fact, the maximum plastic strain induced in the wire by the slotted bolt is around 6% of that by the cannulated bolt. In Figures 4 and 5 , top and bottom are relative to the respective assembly as shown in Figure 2 . Figure 6 shows the angle of rotation of the nut against the applied torques for the cannulated bolt assembly. The bolt torque-bolt load curves for both cannulated bolt and slotted bolt assemblies are plotted in Figure 7 . In Figure 7 , the grey straight line has a slope of 0.4, which shows a good linear approximation of the results. Results for stress contours at the torque of 20 N m for each individual part are illustrated in Figure 8 for cannulated bolt and in Figure 9 for the slotted bolt. In the images in Figures 8 and 9 , different parts in the assemblies are not drawn to their relative size or scale.
Wire fixation with bolt
Values for radial deformation or compression of the wire are plotted against the applied bolt torque in Figure 10 for both cannulated and slotted bolt assemblies. In Figure 10 , the wire compression is seen to be much smaller for the slotted bolt assembly compared to that of the cannulated bolt. Results for maximum axial or longitudinal deformations for the wires against bolt loads are plotted in Figure 11 for both cannulated and slotted bolt assemblies.
To investigate the effect of friction, three further analyses were done using coefficient of frictions other than 0.3 which was already used (see Figure 7) . Given the closeness of the results for the slotted and cannulated bolts in Figure 7 , each value for coefficient of friction was used on one of the bolt types. Coefficient of friction of 0.2 and 0.45 was applied for analysis of the cannulated bolt and 0.25 was used with the slotted bolt. The results for bolt loads from these analyses are plotted in Figure 12 . For each of the bolt load versus bolt torque curves in Figure 12 , there is a dashed straight line representing their respective linear approximation. Slope of these three lines were calculated using simple line fitting and are listed in Table 2 alongside that of the curves in Figure 7 where the coefficient of friction was 0.30.
Discussion
Minimum torque Figure 6 shows that torques between 2.5 and 5 N m, fail to turn the nut, as the rotation remains constant. Also in Figure 7 , there is a plateau in both curves between 2 and 5 N m, and for Figure 10 , the same can be said to be the case between 2.5 and 5 N m. A similar trend is also exhibited by the curves in Figure 12 . Therefore, it can be argued that there has been a lower limit of 5 N m for the bolt torques to induce a stable increase in bolt load applied to the wire.
Relation between torque, load and friction
The slope of the straight lines of approximation of the curves in Figures 7 and 12 are listed in Table 2 . They were obtained by fitting the result to a straight line. For all cases, standard deviation was below 0.1%. They show that bolt load increases as the friction coefficient decreases, which complies with mechanical design theory, 11 as the lower friction means more efficiency. Attempting to relate the parameters involved in a simple linear relation would mean that F = (k/m)T, where F is the bolt load (N), k is an assumed constant, T is the torque (N m) and m is the coefficient of friction. Given the data in Table 2 , values for k will be 120, 124, 128 and 120 in the ascending order of the coefficients of friction listed in Table 2 . Therefore, k = 124 6 4 or
The friction force can be estimated by multiplying the normal force, which is the bolt load here, by the coefficient of friction. 16 Hence, the friction force resisting wire pulling or slippage will simply be F = 124 T, or the friction force F in kN is roughly one-eighth of the bolt torque in N m.
Wire axial deformation and tension loss
In Watson et al., 3 the reduction in wire tension after clamping was attributed to axial deformation of the wire (protrusion), which was likened to toothpaste squeezing out of a tube. As Figure 11 , quantifies such a deformation, the formula dL = PL/EA, can be used to estimate the reduction in tension (or the compression developed) in the wire due to such a deformation (where dL is the axial displacement, EA the tensile stiffness or rigidity and P the axial load). With a bolt torque of 20 N m, Figure 11 gives a maximum of 0.011 mm for axial deformation. Therefore, given the diameter and Young's modulus of the wire if such a wire is used on a 150 mm ring, axial wire deformation can account for only 30 N of the tension loss, at a bolt torque as high as 20 N m.
For lower bolt torques, the curves in Figure 11 show that for up to 14 N m for cannulated bolt and 18 N m for slotted bolt, there are small values (under 0.005 mm) of axial wire deformations.
Bolt types: cannulated versus slotted
Closeness of the curves in Figure 7 implies that the performance of the two bolt types are the same regarding bolt load per bolt torque. However, in Figure 10 , it is seen that the values for radial deformation were almost negligible for slotted bolt compared to cannulated bolts. This is also seen when comparing Thus, it can be argued that for the cannulated bolt the plastic strain, which can be considered as the damage to the wire, is playing a part in the grip that is provided. It can only be imagined that before wire can be slipped from under the bolt, this permanent deformation will work against the pulling of wire. Figure 6 in Osei et al. 10 demonstrates experimental evidence of such a deformation. While in the slotted bolt there is no evidence for such an effect, the grip can be attributed much more to the friction than any plastic deformation.
Conclusion
In this work, FE method was used to simulate the clamping of fine wires in ring external fixators. As the main component of the simulation assembly, wires were very finely meshed and their full range material properties were included in the FE model. The FE Figure 11 . Maximum axial deformation, that is, wire protrusion, in the wire for the cannulated and slotted bolts. model of both commonly used fixation bolts were analysed as the bolt torque was applied and the axial and radial wire deformation were reported as well as nut rotation and most importantly the bolt load applied on the wire. The results revealed a simple linear relation between the applied tightening torque and the actual load being applied on the wire during its fixation to the ring, which also accounts for the effect of friction. Since the bolt torque is readily measurable using a torque wrench, the load on the wire can be easily estimated using this relation.
Comparing the results for cannulated versus slotted bolts revealed significant differences in the manner in which the wire in gripped by the two bolts.
Plastic deformation levels in Figure 4 show that for the cannulated bolt, most plastic deformations occur due to the wire being pressed on ring by the bolt. As part of an experimental study, 10 the wire was clamped to the ring with a torque of 18 N m. Top and specifically bottom view of Figure 4 (d) can be compared with Figure 6 in Osei et al., 10 which captured the image of the permanent deformation left on the wire by a light microscope.
